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Summary
Three separate experiments were
performed using full-coincidence three-
component laser velocimeter (LV)
systems. The experiments provide a
database that can be used to verify
computational fluid dynamic (CFD)
methods used to predict the heating and
cooling requirements in automobile air
handling systems. The flow fields in the
engine compartment while the engine
was running, the air-conditioning duct,
and the vehicle interior were measured.
Introduction
The design of a modern
automotive air handling system is a
complex task. The system is required to
bring the interior of the vehicle to a
comfortable level in as short a time as
possible. This is made difficult by the
divergent requirement of operating a
vehicle in either arctic or tropical
climates and the subjective nature of
human physical response to comfort
level. A goal of the automotive industry
is to predict the interior climate of an
automobile or other vehicle using
advanced computational fluid dynamic
(CFD) methods. The development of
these advanced prediction tools will
enable better selection of engine and
accessory components. The goal of this
investigation was to provide accurate
flow field velocity data to compare with
the state-of-the-art prediction methods
used by the automotive industry. These
interior climate prediction methods also
have applications to military vehicles.
To accomplish this task three
separate experiments were performed.
The first was a laboratory setup where
laser velocimeter (LV) flow field
measurements were made in the
heating and air conditioning unit of a
Ford Windstar. The second involved
flow field measurements in the engine
compartment of a Ford Explorer, with
the engine running at idle. The third
mapped the flow field exiting the center
dashboard panel vent inside the
Explorer, while the circulating fan
operated at 14 volts. All three
experiments utilized full-coincidence
three-component LV systems. This
enabled the mean and fluctuating
velocities to be measured along with the
Reynolds stress terms. The LV system
is one of the few instruments capable of
obtaining velocity measurements in flow
fields with reverse flows, large shear
gradients and velocity fluctuations.
Symbols and Abbreviations
Values are given in the
International System of Units (SI) often
with equivalent values given in U.S.
Customary Units.
St Stokes number
X distance in the streamwise
direction, m
Z distance in the vertical
direction, m
Y distance in the transverse
or lateral direction, m
U instantaneous velocity in
the streamwise, direction,
m/sec
U mean velocity in the
streamwise, direction,
m/sec
V instantaneous velocity in
the vertical direction,
rn/sec
V mean velocity in the
vertical direction, rn/sec
W instantaneous velocity in
the transverse or lateral
direction, m/sec
w




U', V', W' velocity fluctuations, rn/sec
U'V',V'W',U'W' Reynolds shear
stresses, rn/sec




















number of elements in x
increment
sum{x[i]}/n
4th moment about mean























The heating and air conditioning
duct assembly of a Ford Windstar was
mounted upside down to provide optical
access. A sketch of the duct assembly
in the upright position is shown in figure
1. The re-circulation doors were
replaced by 3/32-inch thick glass
windows shown in figure 2. Glass
windows were also installed down-
stream of the fan where the fan speed
voltage dropping resistors are normally
mounted. This provided the required
optical access for the LV measurements
at the fan inlet and exit. The climate
control values were set for defrost and
measurements were made with and
without the fresh air duct assembly
attached. Three different speed settings
were investigated by operating the fan
voltage settings of 6, 12, and 14volts.
The fan speed was measured with a
General Radio Co. Strobotac type 1531
at voltage settings from 4 to 15 volts in
1 volt steps with and without the fresh
air duct attached. A fan speed
calibration was obtained by curve fitting
the results as shown in figure 3.
Laser Veiocimeter System:
The LV system was an
orthogonal crossed-fringe configuration
with the receive optics mounted 90 ° off-
axis. The 514.5, 496.5, and 476.5
nanometer wavelengths from an Argon-
Ion laser were used to measure the
lateral (V), vertical (W), and streamwise
(U) velocity components respectively.
The scattered light from the U, V
components was received by the w
optics package and the scattered light
from the W component was received by
the U, V optics package (figure 4).
Bragg cells were used to provide
directional measurement capability in all
three velocity components. Both optics
packages used 500-mm focal length
lenses, which along with an input beam
diameter of 1.5-mm and beam
expansion of 2.27, generated a sample
volume calculated to be approximately
90 to 100-1_m in diameter and spherical
in shape. The optics and laser moved
as a unit on a traversing system that
provided 1 meter of travel, with 10-1_m
resolution in all three axes. A detailed
description of an LV system of similar
design is provided in reference 1.
Figure 5 is a photograph of the LV
system and ductwork installed in the
laboratory.
The inlet air to the duck work was
seeded with monodisperse 0.86-1_m
polystyrene latex microspheres. The
seed particles were suspended in 100-
proof alcohol and sprayed into a
channeling duct that vents at the fresh
air inlet duct. The use of the channeling
duct allowed the alcohol to evaporate
leaving the seed particles to be
ingested into the fresh air inlet. The
particles were fabricated at NASA
Langley using the technique described
by Nichols in reference 2.
The ability of a particle to track
the streamlines in the flow field, and
thus the ultimate accuracy of the LV, is
related to the size of the particle.
Theoretical predictions of particle
trajectories in swirling flows were
reported by Dring and Suo in reference
3. They concluded that the particle
trajectory in a free vortex swirling flow is
governed by the Stokes number (St) and
when the Stokes number is less than
0.01, the particle will follow the circular
streamlines of a free vortex. The 0186-
pm particles used in this test, have a
density pp = 1.04996 g/cm 3 and a Stokes
number less than 0.01 and will yield a
tracking fidelity sufficient to follow the
3
streamlines of the flows at the
measurement locations in this test.
The LV data acquisition system
software for this test was written in
Labview so that it could be run on
multiple platforms including Macintosh,
IBM PC's or compatibles, and HP RISC
workstations. For this series of tests a
486 PC was used. The acquisition
system is highly automated and can
obtain velocity measurements in either
an automated, step, or manual mode. In
the automated mode of operation, the
system can survey an entire cross flow
plane in a completely automated
fashion, based on a previously
generated file of grid coordinates. In the
step mode of operation, the position of
the sample volume is read from the grid
file, but the system pauses at the new
location until an acquire data command
is input from the keyboard. This mode is
typically used when measuring
velocities in difficult regions where the
instrumentation must be checked to
verify the processing of valid signals.
The manual mode allows the operator to
manually input the desired X,Y,Z
locations, acquire the data, and then
store the data if desired.
The light scattered from the
particles passing through the sample
volume is collected by the receiving
optics and imaged onto the photo-
detectors, which convert it to electrical
signals. The signals from the photo-
detectors are input to the LV signal
processors where the frequency of the
light scattered from the particles is
determined and the signals verified.
Macrodyne Frequency Domain
Processors (FDPs) were used for the
Fan-inlet case, and Macrodyne burst
counters for the Fan-outlet case. A
calibration of the signal processors was
reported in reference 4. The data are
then transferred to the Laser
Velocimeter Autocovariance Buffer
Interface (LVABI) for temporary storage
during the acquisition cycle. The LVABI
is described in detail in reference 5.
Each velocity channel has a companion
interarrival time channel that measures
the time between successive velocity
measurements. The LVABI provides a
maximum of 64K words of storage per
channel and can set the coincidence
parameters. The actual buffer size is
programmable from 1 to 64K and for this
test it was set to 1,000 full coincidence
measurements. When the desired
number of measurements was acquired,
or the acquisition time (typically two
minutes for this test) had elapsed, the
acquired velocity and interarrival time
data for each velocity component was
transferred to the host computer via a
IEEE bus to the PC for on-line
processing and storage.
The computer converts the
frequency measurements to velocity
and performs any necessary coordinate
transformations. The statistical
moments of the velocity samples are
calculated on-line and include the
mean, standard deviation, kurtosis, and
skew. The Reynolds stresses or cross-
product terms such as U'V', V'W', and
U'W' are calculated off-line and stored.
The on-line data was displayed as
histograms of each velocity component
and as a color velocity vector map. The
color velocity vector map uses the mean
values of the vertical (W) and
transverse (V) components to determine
the length and direction of the vector
and the streamwise (U) for the color of
the vector. The vectors are drawn as
color arrows scaled to and with the
origin at the Y, Z coordinates. All data
both raw and processed are stored on





A 1994 Ford Explorer was placed
in an air conditioned laboratory and
operated at idle with the engine exhaust
vented to the outside. The hood was
modified to include two glass windows
to provide optical access for the LV
system to make velocity surveys in the
engine compartment. A computer
rendering of the Explorer with the hood
modification is shown in figure 6.
Laser Velocimeter System
The three component orthogonal
LV system used in the duct test was
modified to incorporate fiber optic
linking of the transmit optics. The optics
were rotated 45 ° about the Y-axis in the
X plane, with the receiver optics
combined into one package and
mounted on the vertical at 45 ° to each
transmit package. A drawing of the
optical configuration is shown in figure
7. This optical configuration allowed the
LV optics to be mounted on a rail
cantilevered off the scan system and
over the hood of the Explorer as shown
in figure 8. The configuration also
allowed the LV optics to image through
a single window as shown in figure 9.
Due to the continuous sloping of the
glass window relative to the LV optics,
the optics were aligned through the
glass and optical parameters, such as
cross beam angle, were measured after
passage through the window. The
sample volume was calculated to have
an effective diameter of approximately
180 microns. The rest of the system was
essentially the same with burst counters
used as the LV signal processors.
The optics are set at 45 ° , (45 ° between
the V and W components) therefore, the
rotation angle "b" in the software is set
at 45 degrees. This transforms the data
back to the standard coordinate system
before the data is reduced and plotted.
The system is aligned such that -X,-U is
toward the front of car and +X,+U is
toward the rear of the car. The -V,-Y
axis is toward the drivers side and
+V,+Y is toward the passenger side.
The +W,+Z axis is up and -W,-Z is
down. The scan system and optics were
leveled to :L-0.1 minutes with a
clinometer.
The seed material was 0.95-1_m
monodisperse polystyrene latex
suspended in 100 proof alcohol. It was
sprayed in front of the Explorer and
allowed to be drawn into the engine
compartment by the radiator fan. The
radiator and fan were cleaned between




The objective was to obtain
velocity data in cross-flow planes
ranging from the exit of the center panel
vent to the front seat back. The
environmental flow control was set to
the panel position, which directs most of
the flow to the four vents in the dash. All
four vents were aligned to blow straight
and level towards the rear of the
vehicie_ A DC power supply was used to
power the circulation fan at 14volts. An
air scoop was assembled over the fresh
air intake on the hood to direct the seed
particles to the intake. It was sized large
enough that it would not restrict the
airflow in the fresh air intake. The rear
window on the driver's side was lowered
one inch to allow access for the LV
system cabling. The window was then
sealed with duct seal and tape. The rear
seats were in the down or stowed
position.
Laser Velocimeter System
A special LV system was
constructed to make the velocity
surveys in the small confines of the
vehicle interior. Two 25-mm diameter
fiber optic probes were mounted in a
90°-90 ° orthogonal configuration. The
focal length was set to 200 mm and the
same wavelengths and Bragg settings
of the other LV systems were Used. The
scattered light from the U, W probe was
received by the V probe and the
scattered light from the V probe was
received by the U, W probe. This
arrangement generated an effective
spherical sample volume of
approximately 180 microns in diameter.
Again, the data was taken in a full
coincidence mode using the same
computer and software as the previous
tests.
The probes were mounted on a
small scan system constructed by using
three linear slides mounted in an X,Y,Z
configuration. The stepper motor driven
slides were capable of 15-cm travel with
+l-micron resolution. An extra rail was
added that allowed the probes to be
manually repositioned along the X-axis
thus increasing the X axis range. The
system is aligned such that -X,-U is
toward the front of car and +X,+U is
toward the rear of the car equal
distance from the sides. The -V,-Y axis
is toward the drivers side and +V,+Y is
toward the passenger side. The +W,+Z
axis is up and -W,-Z is down. The scan
system and optics were leveled to :L---0.1
minutes with a clinometer. A photograph
of the probes and scan system installed
in the Explorer is shown in figure 10.
The seed material was 0.9 to 1.1-
llm monodisperse polystyrene latex
suspended in 100 proof alcohol. It was
sprayed in front of the vehicle and
allowed to be drawn into the fresh air
intake through the air scoop by the
circulation fan. The fan was removed
and cleaned and the condenser coils
blown out by an air gun between each




The LV system is a highly
accurate measurement system, but like
any system it does have error sources.
These include optical errors, electronic
signal processing uncertainties,
statistical errors, and the ability of the
seed particles to follow the flow. These
error sources have been addressed in
numerous publications over the years.
References 1, 3, 4, 6, 7 and 8 address
similar systems or early versions of the
systems used for these tests.
Major optical geometrical errors:
Positioning uncertainty, beam
orientation, crossbeam angle, non-
parallelism of fringes are the major
optical errors.
The laser beams were collimated
so that they focused at the sample
volume making any errors from non-
parallelism of fringes insignificantl Re
use of the described orthogonal
configurations makes it easy to locate
the center of the sample volume to
501_m or better. The scan system can
position the sample volume to +101_m or
6
!] 1!
better. With velocity gradients of less
than 2rn/sec/cm and a sample volume of
1801Ltm or less the velocity uncertainties
are less than the velocity resolution of
the system and are not significant. The
largest errors are in measuring the
angle geometry of the laser beams. The
focal length is measured over a 4 to 5m
range and the beam centers located to
within +0.5mm. This results in a bias
error of about +0.5 percent in the
velocity measurements.
Major Processor errors:
The major processor errors are clock
synchronization, quantization, and
electronic noise. All of these errors and
the effects of noise on the performance
of the processors are measured in the
processor calibrations in Reference 4.
All three systems used an effective
Bragg shift of 5MHz. The maximum
input frequency to the processors was
10MHz and the minimum was 0.2MHz.
The percent error in frequency
(Reference 4) for the counters at this
frequency range is about 0.15 percent.
Multiplying this times the velocity from
the standard LV equation (1) using a
nominal 5MHz and a cross beam angle
of 5.6 degrees yields a counter
resolution of 0.0383M/sec.
;t(Fd _ _)
Vel- 2Sin 0/2 (1)
This compares to 0.0319M/sec using
the least significant bit resolution of the
counter. The percent deviation of the
counters from reference 4 at this
frequency range is about 0,65 percent.
This yields a minimum measurable
value of standard deviation of
0.166M/sec.
Seed-induced errors:
The seed-induced errors are
particle lag, velocity bias, flow distortion
from seed injection, and Bragg bias.
Care was taken not to distort the inlet
flows and only one measurement per
burst was made thus eliminating Bragg
bias. The Stokes number for the
particles used in these tests is less than
0.01 which will follow velocity gradients
of more than 100m/sec/cm to better
than 1 percent. The low velocity
gradients (<2m/sec/cm) and densely
seeded in-trained flows should preclude
any velocity bias. This allows the
statistics to be calculated on the original
ensembles.
Statistical errors:
The statistical uncertainties have
been calculated on each measurement
ensemble at each measurement point.
The uncertainty in the mean may be
calculated by equation (2) and the
uncertainty in the standard deviation by
equation (3) (reference 6).
2(_
Z_lLt= + _ (2)
A(_ = +(_Vr2 / n (1 + E / 2) _ (3)
Where:
(_ = standard deviation
rt = mean
n = number of measurements
E = excess (or kurtosis - 3)
The number of measurements in each
ensemble was generally 1000 before
processing.
General Processing
The data was taken with and
later post processed with software
written in Labview, an object oriented
software language from National
Instruments. A post-processing program
was written that has several key
features. First, it reads from the data log
files the instantaneous U, V, and W
velocity data ensembles along with the
interarrival times. It displays the input U,
V, W velocity data as histograms along
with the mean and standard deviation
values for each. Then the program runs
a special clip routine that removed
outliers based on the number of
standard deviations selected. For these
tests +3 standard deviations were used.
If a data point is clipped from one
histogram then the corresponding point
is removed from the other two
histograms and its interarrival time is
summed with the previous time thus
preserving coincidence and timing
information. The resultant data is
displayed in three new histograms for
comparison. The statistics are than
calculated using Labview software
routines and stored in a new ASCII
spread sheet file. The statistics
calculated for U, V, and W are mean,
standard deviation, kurtosis, skew, and
the Reynolds stress terms U'V', V'W',
and U'W'. The mean data is displayed
as a color vector plot and the processed
data ensembles are stored in a new
data log file. The following formulas are
used by Labview to compute the
statistics.






















The objective of this test was to
obtain velocity surveys in front of and
behind the fan at several operating
conditions. A survey plane 35 mm in
front of the fan with a 0,0,0 location at
80 mm upstream of the fan spindle was
established (Fig. 2). Typically 242
locations were surveyed in the Y,Z
plane. The grid had 1 cm spacing above
the 0,0,0 location and 25 mm spacing
below. The higher resolution was used
to better identify a swirl at the bottom of
the fan inlet as mounted for this test.
The duct assembly was mounted upside
down to allow easier optical access and
all data is shown in this upside down
orientation. A second survey plane was
established 13.5cm down-stream of the
fan spindle with the 0,0,0 location 55
mm from the inside of the fan inlet and
8
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16 mm above the center of the fan as
mounted. Surveys were done at fan
settings of 6 volts, 12 volts, and 14 volts
with and without the fresh air duct
attached. Examples of data at the 14
volt setting with the fresh air duct
attached are shown in figure 11 (fan
inlet), figure 12 (fan inlet below 0,0,0
location) and figure 13 (fan exit). These
are color contour plots of U mean with
velocity vectors of V mean and W mean.
The origin of the vectors is the Y, Z
location where the data was taken and
the length and direction is the resultant
magnitude. The inlet data in figures 11
and 12 shows a rather large V or lateral
component probably due to the lack of
any type of flow straighteners in the
inlet duct. This along with an off center
mounting of the fan might be
contributing to the swirl. The outlet data
shows the flow expanding into the
asymmetrical duct leading to the
evaporator core.
.Engine Compartment
The 0,0,0 position location
(X,Y,Z) for this test was established as
the corner of the radiator flange on the
driver's side. A notch was filed to
establish a reference point (Fig. 14).
Nine velocity surveys were measured
on the driver's side of the engine in
vertical planes every 5-cm starting at 9-
cm from the reference point to 49-cm
from the reference point. An extra plane
was taken at 8.7-cm and another down
in front of the fan at 10-cm for a total of
eleven surveys. It should be noted that
the engine is mounted 5 ° off level with
the back lower than the front.
Examples of the data taken
(contour plots of U mean with velocity
vectors of V,W means) at the 9-cm
position (Fig. 15) and in front of the fan
(Fig.16) are shown. The survey grid has
a triangular shape because of the
orientation of the optics and the single
window access. Missing data points are
due to optical masking by engine
components. The data rate usually 1000
coincidence measurements in 1.5
minutes dropped to 500 measurements
in 5 minutes in some locations near the
fire wall due to the difficulty in getting
seed into the stalled flow areas of the
engine compartment. The 9-cm location
is between the radiator and the
compressor. The data in figure 15
shows the blockage of the flow by the
compressor and the flow exiting towards
the wheel well. The bottom right hand
side of the fan data in figure 16 shows
the effect of getting very close (< 1 mm)
to the idler pulley (not shown in
rendering) due to the 5 ° tilt of the
engine relative to the vertical scan.
Interior Compartment
Velocity surveys were made
every 3-cm along the X axis starting at
3.5-cm from the center dash board vent
to 21.5-cm from the vent, thereafter
every 9-cm with the last survey at 66.5-
cm from the vent. The 0,0,0 position
was located at the bottom left corner of
the center vent as viewed looking from
the back to the front of the vehicle.
Typically, 180 point grids in the vertical
plane with measurements every 1-cm
were surveyed. The grid ranged from 7-
cm above to 4-cm below the 0,0,0
location and 3-cm to the left (driver's
side) and 11-cm to the right (passenger
side). The 2-cm overhang of the padded
dash prevented any measurement
closer than 3.5-cm without clipping a
beam. LV Contour plots of U mean with
velocity vectors of V and W means
taken at the 6.5-cm and 21.5-cm
locations along the X axis are shown in
figures 17 and 18. Color contour plots
of the Reynolds stress terms U'V' and
U'W' at the 6.5-cm and 21.5-cm
locations are shown in figures 19, 20,
21, and 22. The data indicates that a
vortex has formed on the bottom left
hand side probably due to the fact that
the ducting has to go up and than turns
90° and vents out inducing a swirl. To
better visualize this, the U mean, V
mean and W mean data at the 3.5-cm
location is plotted in a 3D color contour
format in figure 23. For an overall view
of the flow from the vent, the data from
all the X locations are plotted in figures
24 (U means), 25 (V means), and 26 (W
means). The data indicates that the
maximum velocity value for the cross
plane peaks at 9.5-cm from the vent.
The scan system configurations were
checked to verify that the scan or optical
mounts at this X location did not block
another vent. At this stage of the data
analysis it is speculated that flow from
the interior of the vehicle is being
entrained by the vortical flow of the
measuredvent.
Concluding Remarks
Three different LV tests were
conducted that should be useful to
those studying the flow patterns of
heating and air conditioning systems
and engine compartments of cars. The
LV tests provide highly accurate
comparison data for other techniques
such as CFD modeling. Descriptions of
the test setups and examples of the
data attained have been presented. In
addition an appendix is included. The
appendix is a print out of the processed
spreadsheet files from all three tests
minus the kurtosis and skew data.
The data both raw and processed
along with computer renderings of the






of processing and displaying the data
were supplied to the Ford group on CD-
ROM.
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